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Abstract: In supersymmetric (SUSY) theories with extra dimensions the visible energy
in sparticle decays can be significantly reduced and its energy distribution broadened, thus
significantly weakening the present collider limits on SUSY. The mechanism applies when
the lightest supersymmetric particle (LSP) is a bulk state—e.g. a bulk modulino, axino, or
gravitino—the size of the extra dimensions >∼ 10−14 cm, and for a broad variety of visible spar-
ticle spectra. In such cases the lightest ordinary supersymmetric particle (LOSP), necessarily
a brane-localised state, decays to the Kaluza-Klein (KK) discretuum of the LSP. This dynam-
ically realises the compression mechanism for hiding SUSY as decays into the more numerous
heavier KK LSP states are favored. We find LHC limits on right-handed slepton LOSPs evap-
orate, while LHC limits on stop LOSPs weaken to ∼ 350÷ 410 GeV compared to ∼ 700 GeV
for a stop decaying to a massless LSP. Similarly, for the searches we consider, present limits
on direct production of degenerate first and second generation squarks drop to ∼ 450 GeV
compared to ∼ 800 GeV for a squark decaying to a massless LSP. Auto-concealment typi-
cally works for a fundamental gravitational scale of M∗ ∼ 10 ÷ 100 TeV, a scale sufficiently
high that traditional searches for signatures of extra dimensions are mostly avoided. If su-
perpartners are discovered, their prompt, displaced, or stopped decays can also provide new
search opportunities for extra dimensions with the potential to reach M∗ ∼ 109 GeV. This
mechanism applies more generally than just SUSY theories, pertaining to any theory where
there is a discrete quantum number shared by both brane and bulk sectors.
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1 Introduction
Discovery of supersymmetry (SUSY) at a hadron collider, such as the LHC, requires distin-
guishing SUSY signals from the large Standard Model (SM) backgrounds that are present.
Often this involves using the large missing transverse energy (EmissT ) or large visible energy
present in a SUSY event. Utilising such discriminators, LHC limits on SUSY have signif-
icantly encroached into the region of parameter space consistent with natural electroweak
symmetry breaking, with typical implied tuning of the order of 1% or less [1–4] weakening
the case for low-scale SUSY as a solution to the hierarchy problem.1
In this paper we present a mechanism by which SUSY signals at a hadron collider are
dynamically degraded. We consider a framework in which the SM particles and their SUSY-
partners live on a brane that is embedded in a (flat) 4 + d-dimensional supersymmetric bulk
whose dimensions are bigger than ∼ 10−14cm ∼ 1/(few GeV). SUSY breaking is felt softly
on the brane, and the MSSM superpartners may be produced at colliders2. As we will show,
many realizations of this scenario have additional light bulk states that are associated with
1In Refs.[5–7] a class of SUSY models which are fully natural at present LHC limits were studied. These
involve extra dimensions and in fact can incorporate the mechanism discussed in this paper, though this fact
was neither emphasised nor used in these studies.
2In contrast, studies of brane-worlds with supersymmetric bulks have focused mostly on the case that SUSY
is realized only non-linearly on the brane [8–15].
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Figure 1. Schematic representation of the basic idea behind the auto-concealment mechanism, in
which the LSP is a bulk state propagating in d ≥ 1 extra dimensions. The visible sparticle spectrum
has a lightest state, the LOSP, which decays promptly to the full tower of KK excitations of the LSP. As
the spectral density of KK excitations behaves as ∼ md−1n (as a function of the KK mass, mn), decays
to the heavier KK states are favored, dynamically realising the compressed spectrum mechanism of
hiding SUSY with reduced EmissT and visible energy. As the masses of the KK tower of the LSP extend
from ∼ 0 GeV to the underlying gravitational scale M∗ the LOSP mass is automatically within this
tower without additional tuning. Transitions from visible sector to the bulk sector are prompt if M∗
is not too high depending on the nature of the bulk LSP. In the case that transitions are not prompt,
the auto-concealment mechanism no longer functions, but instead the decays of the LOSP can provide
a powerful search method for extra dimensions.
SUSY breaking or additional sequestered sectors. In such cases, the lightest R-parity odd
sparticle, the ‘bulk LSP’, will propagate in the 4 + d extra dimensions, and the lightest
ordinary-sector SUSY particle (LOSP) will decay to this state.
Couplings between bulk and brane states are necessarily higher dimensional operators,
and if the fundamental scale, M∗, is not too high, decays of the LOSP can occur on collider
timescales. From a 4d perspective, the LOSP decays to a distribution of KK modes of the
bulk LSP of mass mn with bulk phase space factor ∼ md−1n . This favors decays to the heaviest
KK states, thus suppressing both visible energy and EmissT in the decay, and so, as we will
argue in detail, severely weakening LHC limits on SUSY for certain classes of visible sparticle
spectra. The basic mechanism is illustrated in Figure 1.
Specifically, we show that two-body decays of the brane-localized LOSP of mass M to
a SM state and a bulk LSP are typically dominated by decays to bulk KK modes with
masses mn & 0.4M ÷ 0.8M depending on the nature of the coupling and the dimension of
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Figure 2. Colored regions display the form of LOSP decay as a function of the LOSP mass, M ,
and the fundamental gravitational scale, M∗. The bulk LSP is taken to be a modulino, the LOSP to
be a sfermion, and we show the case d = 4. The auto-concealment mechanism applies in the region
of prompt decays. In the regions of displaced decays or stopped LOSP out-of-time decays the auto-
concealment mechanism no longer functions, but the decays of the LOSP can provide a new search
mechanism for extra-dimensions with reach much greater than that provided by contact operators.
In the grey hatched region to the far right, the splitting between KK states becomes large compared
to the mass of the LOSP, 1/(ML) & 0.1 (all of the decays to the left of this region have lifetimes
τ . 1 yr). The hatched region to the far left shows the range of M∗ excluded by current LHC contact
operator searches for extra-dimensions.
the bulk. This leads automatically to signatures similar to a compressed spectrum, where
super-partners with large production cross sections are concealed if they decay to a nearly
degenerate invisible LSP3 [17–24]. Cascade decays that produce a highly boosted LOSP are
not as effectively hidden, but nonetheless we find that a variety of motivated and potentially
low-fine-tuned spectra are successfully auto-concealed. In this work, we focus primarily on
limits from searches for prompt decays, which restricts M∗ from above depending on the
nature of the bulk LSP (modulino, axino, gaugino, gravitino) and the identity of the LOSP.
For higher scales of M∗, searches for displaced vertices and out-of-time stopped decays become
relevant, and their sensitivity is also likely to be affected, though a study of this possibility
is beyond the scope of this work.
If superpartners are discovered at future colliders, then observations of the LOSP decay
can be the leading signature of the extra-dimensional nature of the theory. Some probes of
the properties of bulk states through prompt decays of a new non-supersymmetric colored
3Ref. [16] provides another example of a theory that dynamically reduces missing and visible energy, repro-
ducing signatures similar to compressed spectra.
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states have been studied in refs. [25, 26]. Because the visible sparticles are charged under
the SM gauge group and brane-localized, their production and subsequent decay will be the
dominant production mechanism for bulk modes, especially when M∗ is so large that the
LOSP decay is displaced or occurs after the LOSP is stopped in a detector. This can extend
the reach for the fundamental gravitational scale as high as M∗ <∼ 109 GeV, far above the
reach of the usual contact-operator based searches for extra dimensions. As an example of
the scales of interest, in Figure 2 we show the relevant regions of the M∗-M plane for the
case of a bulk modulino LSP with d = 4 extra dimensions (Figure 9 in Section 4 shows the
d = 2, 6 cases).
2 Decays to the bulk
We now turn to a detailed discussion of the mechanism. The decay of a brane-localised
LOSP of mass M into a bulk state propagating in d extra dimensions of size L  1/M can
be described by an effective theory for the bulk-brane interactions [27–33]. The description
of the brane states as point-localized objects in the d bulk dimensions is taken to be valid
up to a scale Λb < M∗, where M∗ is the fundamental gravitational scale of the theory, and
M < Λb by assumption so that the decay is well described by the effective theory.
4
To be concrete we start by studying the decays of a brane-localized e˜R LOSP to the
fermion ψ of a bulk chiral multiplet5 Φ, and then generalize to other interesting cases. While
we now focus on this case as a simple example, there are a variety of other strongly motivated
possibilities. In addition to a slepton LOSP, the case of a stop/sbottom LOSP and the
case of degenerate first and second generation squark LOSPs provide particularly interesting
examples from the point of view of collider phenomenology which we study in detail in the
following section. The results derived in this section apply to any sfermion decaying to its
massless SM fermion partner and a bulk modulino. In Section 5 we describe the form of the
distribution for a general set of possible LOSPs and a variety of bulk LSP candidates.
2.1 Bulk spectrum and profiles
We study the bulk states by expanding in KK modes in the extra dimensions,
ψ =
∑
n
1√
V
fn(yi)ψn(x),
where x are the (3+1) coordinates, yi are the extra bulk coordinates, V is the volume of the
bulk, and each KK mode has mass mn. In flat extra dimensions and in the absence of any
4At distances shorter than 1/Λb, the embedding of the brane in the d bulk dimensions may be non-trivial;
these effects could be taken into account by the presence of higher dimensional operators including terms
with bulk derivatives. The scale Λb could correspond to the fundamental gravitational scale M∗ or to an
intermediate scale related to the extension of the brane embedding in the transverse directions.
5The bulk theory has at least N = 2 extended SUSY from the 4d perspective, and this N=1 ‘chiral
multiplet’ must in fact have bulk partners that fill out a full higher dimensional hyper-multiplet or vector
multiplet, although these states need not couple to the brane. We use the N=1 superfield field notation of
Ref. [29].
– 4 –
bulk mass terms for the state, there is a zero mode, m0 = 0 and the splittings between KK
modes are of order the size of the bulk ∆mn ≈ 1/L. We will be interested in cases where
the decays from the brane states are highly-localized compared to the size of the bulk; in this
case, the decays are insensitive to the exact form of the boundary conditions for bulk fields
far away from the MSSM brane and can be well described in the continuum approximation,
∆mn → 0.
The spectrum of KK masses and profiles of a bulk multiplet will be perturbed by the
presence of mass terms, which may be spread along the entire 4+d dimensional space occupied
by the bulk state or be localized in some of the extra dimensions (for example localized on
the MSSM brane). A mass term m4+d spread along the full (4+d) dimensional space lifts the
start of the KK tower to m4+d. We assume such terms are negligible compared to the mass
scale of the decays, and will describe scenarios where this occurs in Section 5. Mass terms
that are localized in some of the d dimensions have their effects suppressed by the volume
of the remaining space, and are generally only relevant if they are localized near the MSSM
brane, in which case they can affect the wavefunction profiles near the brane fn(0).
For example, a mass term for the fermion components of Φ localized on the MSSM brane
has the form
L = δd(y)(µψψ)
Λdb
+ h.c. (2.1)
where the fermion ψ is normalized as a bulk field with mass dimension (3 + d)/2. The effect
of the on-brane mass is to suppress the profile fn(0) of the KK states near the brane, which
suppresses the coupling to brane-localized states. For KK masses mn  Λb and co-dimension
d ≥ 3, the perturbation of the wave function at the brane fn(0) is independent of mn: for
small perturbations µ . Λb, fn(0) is unsuppressed, while for large perturbations µ  Λb,
fn(0) → 0 and the leading operators coupling brane fields to the bulk field will be those
containing bulk derivatives ∼ ∇yψΛb (this latter case is the correct description for instance
when orbifold conditions in the fundamental theory force the wavefunction to vanish on the
brane). For co-dimension d = 1, fn(0) ∼ mnµ for mn . µ, and for d = 2 there is a logarithmic
dependence on mn. Overall, the localized mass terms typically increases the efficiency of
auto-concealment by decreasing the relative coupling of lighter KK modes to the MSSM
brane states. As the sizes of the localized mass terms µ are only weakly constrained, to be
conservative we assume they are negligible for the rest of this work.
2.2 Brane couplings and decays
For a simple and well-motivated example, we take Φ to couple to the MSSM states as a
modulus in the Kahler potential with a gravitationally suppressed coupling
L = δd(y) 1
2
[
(Φ + Φ∗)eR∗eR
M
(d+2)/2
∗
]∣∣∣∣∣
θ4
. (2.2)
After making the KK expansion, the decay rate of a selectron with mass M to each individual
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Figure 3. Differential distribution of KK masses for the decay e˜R → e+ψ from Eq.(2.4) for d = (3, 6)
(solid curves with peaks from left to right, respectively). Also shown dashed is the distribution for a
500 GeV stop decaying in d = 6 as t˜R → t+ ψ, with the definition x ≡ mn/(mt˜R −mt).
mode of mass mn < M that follows from Eq.(2.2) is
Γn =
M3
8piM2+d∗ V
m2n
M2
(
1− m
2
n
M2
)2
. (2.3)
For co-dimension d, the number of states with mass ∼ mn grows as ∼ md−1n (this assumes
the extra d-dimensions are flat—we later comment on the more general case [34]). For this
particular example, the rate to heavier KK states is further enhanced by a factor m2n/M
2 due
to a helicity suppression of decays to lighter modes. Therefore even in d = 1 the distribution
will be peaked towards higher KK masses– the extra-dimensional nature of the LSP is still
crucial to provide the continuum of accessible states, but the enhancement of decays to heavier
states is due completely to the matrix element. Going to the continuum limit, the total decay
rate is
Γtot =
mn<M∑
n
Γn =
M3+d
8piM2+d∗
Ωd
(2pi)d
∫ 1
0
xd+1(1− x2)2dx, (2.4)
where Ωd is the surface area of a (d − 1)-sphere and x ≡ mn/M . The resulting differential
decay rate with respect to the KK mass of the modulino is shown in Figure 3. The most likely
KK mass is ∼ (0.6 ÷ 0.8)M , and this can have striking observable consequences for collider
phenomenology. (For the case of a stop LOSP with decay t˜ → t + ψ, the non-negligible top
mass modifies the distribution as shown in Figure 3.)
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3 SUSY limits and auto-concealment
To understand the effect of auto-concealment on collider searches, it is useful to consider the
limit that the LOSP decays to a very narrow distribution of bulk LSP KK states peaked at
mn ≈M . In this case there is no visible energy from the LOSP decay6, and events involving
only direct pair production of the LOSP are invisible at colliders. This is identical to the
case of exactly degenerate compressed spectra [20]. In this kinematic limit, missing and
visible transverse energy arise only when the system recoils against a radiated jet or photon–
dominantly initial state radiation (ISR)–and SUSY searches are significantly weakened.
A realistic distribution of KK masses as shown in Figure 3 does not completely realize
this limit; the distributions peak below M and they have a non-negligible width. Nonetheless,
they remain in the regime where most LOSP decays produce little visible energy and pair
production events with large missing and visible energy are still dominantly due to hard
ISR. The effect on experimental limits remains substantial. To illustrate this, we re-interpret
existing 8 TeV LHC sparticle searches for three interesting cases of LOSP pair production
followed by decays to a bulk modulino LSP: a right-handed slepton LOSP e˜R/µ˜R → e/µ+ψ,
a right-handed stop LOSP t˜R → t + ψ, and degenerate first and second generation squarks
q˜u,d,c,s → q + ψ. We simulate sfermion pair production processes with MadGraph5 [35] with
shower and decays7 in Pythia6 [36] and MLM matching of up to one additional jet. With one
exception,8 experimental limits were recast using validated analyses in CheckMATE [38–43].
While we expect the results of these simulations to broadly characterize how auto-concealment
affects current supersymmetry search limits, it is up to the experimental collaborations to set
definitive bounds.
The first process we consider is pair production of degenerate right-handed sleptons
decaying to a bulk modulino e˜R/µ˜R → e/µ + ψ. The dominant limit is from a 20.3 fb−1
ATLAS l+l− + EmissT search [44] based on the kinematic variable mT2 [45–47]. The effect of
auto-concealment on missing energy-related observables is dramatic, as illustrated in Figure 4,
which shows the signal mT2 distribution after typical cuts used to reduce backgrounds. For
the case of d = 3, the number of events satisfying the signal region cuts is very significantly
reduced, while for d = 6 essentially no events pass cuts for the illustrated case of Ml˜R =
150 GeV and 20.3 fb−1. The effect on exclusion limits is predictable. Figure 5 shows the
strongest cross section exclusion limit (at 95% CLS) from the ATLAS searches [44, 48]. A
monojet search [49] was also considered to pick up ISR but the analysis had no effect on
6Decays of the bulk KK states among themselves producing visible energy on the brane are possible, but
they are irrelevant on collider time scales due to the volume suppression of couplings to the brane.
7To implement LOSP decays to a KK tower of fermion LSPs we introduced N ∼ 20 new gauge neutral spin
1/2 states in Pythia. The masses of these states mj fell into N evenly spaced bins from 0 to the LOSP mass
M . The mass mj of the j
th state was given by the branching ratio-weighted average of masses in the jth bin,
and the branching fraction to this state was determined by the integrated width over the bin.
8With the exception of [37], all of the analysis used in this paper to recast limits have been validated by
CheckMATE. It was felt important to include this unvalidated analysis since it provided the only exclusion
limits for stops decaying to a modulino in d = 6.
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limits as it vetoed events with isolated leptons. The existing LHC8 limits of Ml˜R
>∼ 225 GeV
for direct production of right handed sleptons decaying to a massless LSP are completely
eliminated, with only the much weaker LEPII limit of Ml˜R
>∼ 95 GeV for very compressed
slepton decays still applying [50–54].9
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Figure 4. Differential distribution in stranverse mass mT2 for the decay e˜R → e+ ψ for a slepton of
mass M = 150 GeV to a single massless LSP (black) and a bulk modulino LSP (blue and green) as
in Eq.(2.4) for d = 3, 6. The preselections of Ref. [44] have been applied, including a cut on missing
energy, Emiss,relT > 40 GeV, which leads to the different total number of events for each case. Shown
by a dashed line is the signal region cut mT2 > 90 GeV used to reduce backgrounds such as W
+W−
production. Definitions of Emiss,relT and mT2 can be found within Ref. [44].
Limits on 3rd generation squark production can also be dramatically reduced. We studied
t˜R pair production with t˜R → t + ψ. As depicted in Figure 3, the distribution of KK states
in the decay is slightly modified from the result for a massless SM fermion fermion, Eq.(2.4),
due to the non-negligible top mass. The dominant validated analysis in CheckMATE was the
ATLAS 20.3 fb−1 all hadronic 6 (2 b) jet +EmissT search [56], while the unvalidated 2 lepton
stop search [37] provided the strongest limits below ∼ 360 GeV. Figure 6 shows cross section
limits for these searches. For prompt decays to a massless LSP the limit is mt˜ & 680GeV,
while limits reduce to ∼ 350÷410 GeV for decays to a bulk modulino in d = 3, 6. A number of
other searches are expected to provide similar limits, for example the ATLAS and CMS semi-
leptonic searches [57, 58] and the most recent all-hadronic searches [57, 59] which perform
better than [56] at low stop masses in the compressed region.
We finally study pair production of degenerate first and second generation squarks with
q˜i → qi + ψ assuming the gluinos and 3rd generation squarks are decoupled. The dominant
9Note that direct production of left-handed sleptons is already concealed independent of the existence of
a bulk LSP as the EW symmetry breaking mass splitting between the heavier charged and lighter neutral
members of the LH slepton doublet is small enough that a compressed spectrum is automatically realised.
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Figure 5. Strongest upper bound on degenerate µ˜R, e˜R slepton pair production cross sections from
ATLAS l+l− + EmissT mT2 [44] and razor analyses [48]. A monojet search was also considered [49]
but did not affect limits. The top two curves corresponds to sleptons promptly decaying to the KK
tower of a massless modulino in d = 3 (blue) and d = 6 (green) extra dimensions. The mT2 analysis
is more effective at higher masses; below 140 GeV (170 GeV) for d = 3 (d = 6) the razor analysis sets
stronger limits. Solid red (lowest) curve gives the observed ATLAS upper bound on the RH slepton
production cross section from [44] for decays to a massless LSP. For validation, a dashed red curve
gives the same bound using our simulation. Black curve gives the predicted NLO direct production
cross section [55] with other superpartners decoupled, illustrating that RH sleptons are excluded up
to ∼ 225 GeV for decays to a massless LSP. For the searches considered, present limits on direct
production of RH sleptons evaporate in the presence of the auto-concealment mechanism.
limits shown in Figure 7 are from the ATLAS 20.3 fb−1 2− 6 jets + EmissT analysis [63],
except for squarks below 200 GeV where limits are driven by the monojet search [49]. These
searches have hard cuts on missing and visible energy and are substantially affected by auto-
concealment. While for a decay to a single massless LSP the limit is M & 800 GeV, for decays
to a bulk modulino in d = 3, 6 the limit is reduced to only ∼ 450 GeV. We have assumed
no D-term splitting leading to decays between the left handed squarks, but we do not expect
that these soft decays would significantly affect the results.
We have seen that auto-concealment significantly reduces bounds on direct production
of superpartners, dynamically realizing the signatures of a compressed spectrum where a
single LSP is nearly degenerate with the LOSP. It is important to emphasise that the auto-
concealment mechanism, like the compressed case, does not alleviate bounds on all forms of
visible sparticle spectra. This is because of the possibility of highly energetic cascade decays
before the decay of the LOSP. To distinguish the bad cases from the good it is useful to define
deep cascade decays as ones where the splitting between the parent visible-sector sparticle
and the LOSP are large, ∆m˜ &M , and conversely, shallow cascade decays as ones involving
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Figure 6. Strongest upper bound on stop pair production cross sections from ATLAS 6 (2 b) jet+EmissT
[56] and 2 lepton stop [37] searches. A razor analysis [48], a one lepton stop search [58], and two
monojet searches [49, 60] were also considered but did not strengthen the exclusion limits. The upper
two curves corresponds to stops promptly decaying to a top + the KK tower of a massless modulino in
d = 3 (blue) and d = 6 (green) extra dimensions. The all hadronic analysis is more effective at higher
masses; below ∼ 360 GeV the two lepton analysis sets stronger limits, however it should be noted that
this analysis is not yet validated by CheckMATE. Solid red (lowest) curve gives the observed ATLAS
upper bound on the stop production cross section from [56] assuming prompt decay to a top + a
massless LSP. For validation, a dashed red curve gives the same bound using our simulation. Black
curve gives the predicted NLO direct production cross section [61, 62], thus illustrating that stops are
excluded up to ∼ 680 GeV for a single massless LSP. For the search considered, present limits on direct
production of stops drop to ∼ 350÷ 410 GeV in the presence of the auto-concealment mechanism.
parent-LOSP splittings ∆m˜ . M . Auto-concealment does not substantially ease bounds on
spectra driven by large cross-sections for deep cascade decays to the LOSP. The reason for
the failure of efficient auto-concealment in this case is that deep cascades produce highly
energetic visible particles (e.g., jets or leptons) recoiling from a highly boosted LOSP, which
is transformed primarily into EmissT in the final decay of the LOSP to the LSP KK tower.
A common example where auto-concealment fails to improve limits is when squark LOSPs
of mass M are accompanied by a gluino of mass . 2M [1]; even though direct production
limits could allow squark LOSPs as light as ∼ 450GeV, we estimate gluino pair and associated
production with decays to squarks sets much stronger limits Mg >∼ (1.5 ÷ 2) TeV  2 ×
(450 GeV). On the other hand there are a variety of visible-sector sparticle spectra for which
auto-concealment is efficient. For example Dirac gluinos can naturally have a mass Mg  2M ,
yielding a sufficiently small production cross section for deep cascades that auto-concealment
is effective. To illustrate this point more generally we show in Figure 8 four examples of
visible-sector spectra, one of which (d) fails the condition for efficient auto-concealment,
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Figure 7. Strongest upper bound on pair production cross sections for degenerate first and second
generation squarks from ATLAS 2− 6 jets + EmissT [63] and monojet [49] searches. A razor analysis
was also considered [48] but its limits were weaker. The top two curves corresponds to squarks
promptly decaying to the KK tower of a modulino in d = 3 (blue) and d = 6 (green) extra dimensions.
The hadronic search is the more effective of the two analysis except below ∼ 200 GeV. Solid red
(lowest) curve gives the observed ATLAS upper bound on the squark production cross section from
[63] assuming prompt decay to a LSP with mass ∼ 40 GeV. Dashed red curve gives our bounds for
a single massless LSP for validation. Black curve gives the predicted NLO direct production cross
section when gluinos are decoupled [61, 62], thus illustrating that degenerate squarks are excluded up
to ∼ 775 GeV for a single massless LSP. For the searches considered, present limits on direct production
of squarks drops to ∼ 450 GeV for d = 3, 6 in the presence of the auto-concealment mechanism.
while (a)-(c) satisfy the condition.
A number of search strategies using leptons to detect compressed SUSY spectra have
been developed (since leptons typically have softer pT cuts than jets) and will likely be useful
in detecting shallow decays and discovering auto-concealment signatures. For this purpose
ref. [64] developed a ll + EmissT “super-razor” search, while ref. [65] proposed modifying cuts
on existing lepton searches. Additionally, refs. [66–68] have suggested modifying monojet
searches to include soft leptons as a way of picking out shallow electroweak decays with hard
ISR.
4 Probing extra dimensions
While decays of the LOSP to a KK tower of a bulk LSP can erode limits from standard
promptly decaying super-partner searches, they also have the potential to open a new window
for probing extra dimensions if SUSY particles are discovered. Decays of the LOSP are
potentially observable over a wide range of lifetimes through prompt decays in the detector,
in-flight decays (1 mm . cτ . 10 m), or decays of stopped particles (100 ns . τ . 1 yr). As
– 11 –
LSP
}~C+EW~
Mass
~0 GeV
~ 500 GeV
>1.5 TeV
(a)
}C’~
~
}
}
LSP
C~
EW~
Mass
~0 GeV
~150 GeV
>1.5 TeV
~
(b)
LSP
~TeV } C EW~ ~+
Mass
~0 GeV
(c)
}
LSP
~TeV
EW
} C~
~
Mass
~0 GeV
few 100 GeV
(d)
Figure 8. Schematic sparticle spectra for which efficient auto-concealment applies, cases (a)-(c), and
for which it fails (d). In case (d) colored particles, here generically denoted C˜, are light enough,
∼ 1 TeV, that they can be copiously pair produced at the LHC and simultaneously EW sparticles,
among which is the LOSP, are substantially less massive, ∼ few × 102 GeV. In this situation there
are many deep cascade decays of the heavier colored particles to the LOSP producing both highly
energetic jets, and a boosted LOSP which leads to a boost of the EmissT produced in the final decay of
the LOSP. Conversely, in case (a) all the heavier colored sparticles, C˜ ′ are so massive as to have small
pair production cross sections at the LHC, while the lighter colored sparticles (e.g., the 3rd generation
squarks) are not too far separated from the EW sparticles, so only leading to shallow cascade decays
before the final decay of the LOSP to the LSP KK tower. In (b) all colored particles are too heavy to be
substantially produced at the LHC mC˜
>∼ 1.5 TeV, while the copiously produced light EW sparticles
have only shallow cascade decays before LOSP decay. In case (c) all sparticles apart from the LSP are
moderately heavy and roughly comparable in mass, and the dominant production through the colored
states undergoes only shallow cascades to the LOSP.
shown in Figures 2 (d = 4) and 9 (d = 2, 6), this corresponds to range of fundamental scales
that can far exceed the current reach10 M∗ & 5 TeV [69, 70] of traditional collider searches
10We assume the contact operators have O(1) coefficients suppressed by the scale M∗, corresponding to a
weakly coupled UV completion of gravity.
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Figure 9. Companion to Figure 2 in the Introduction. Colored regions display the form of LOSP
decay as a function of the LOSP mass, M , and the fundamental gravitational scale, M∗, for d = 2
(left panel) and d = 6 (right panel). In the grey hatched region to the far right, the splitting between
KK states becomes large compared to the mass of the LOSP, 1/(ML) & 0.1 (all of the decays to the
left of this region have lifetimes τ . 1 yr). The hatched region to the far left shows the range of M∗
excluded by current LHC contact operator searches for extra-dimensions. In the left panel we also
show the region that can potentially be excluded by neutron star observations [80]. This exclusion,
however, depends on the far IR part, mKK <∼ 100 MeV, of the KK spectrum of the graviton which is
highly dependent on the assumption of perfectly flat extra dimensions. In the more general case of
curved (but still unwarped) extra dimensions the neutron star limits no longer apply [34, 78].
for KK graviton emission and contact operators11 [72–78] and searches for the effects of
Higgs mixing with bulk states [79]. This reach can also greatly exceed that of astrophysical
searches12 [80] and reaches values of M∗ which are consistent with cosmological limits for a
large range of reheat temperatures. This motivates studying strategies to distinguish decays
to a bulk LSP from other scenarios, for instance two- and three-body decays to a single
massive LSP, and further to distinguish different numbers of bulk dimensions and different
bulk LSP candidates. A detailed study of this possibility is beyond the scope of this work,
but we describe briefly some of the relevant issues.
For prompt decays, a variety of LHC studies have demonstrated that features of mT2
and similar generalized distributions could determine the LSP mass in some spectra (for a
review, see ref. [81]) using 100÷1000 BSM events after cuts (corresponding to ∼ 2.0÷2.5 TeV
squarks and gluinos at the high luminosity LHC13). Such observations should be sensitive
to the absence of a single mass for the LSP, and may be adaptable to identify a bulk LSP.
The possibility of measuring the properties of a distribution of dark matter particles with
different masses at the LHC has been studied in the particular case of three-body decays of
a scalar color octet in Refs.[25, 26]. For a light enough or electroweak dominated spectrum,
11In addition to contact operators for SM states, operators contributing to sfermion production have also
been studied in refs. [33, 71]. The lower dimension contact operators contributing to sfermion production
described in ref. [33] can set stronger bounds for certain SUSY spectra, but can also be forbidden if some
R-symmetries are preserved near the brane to energies below the fundamental scale.
12Astrophysical searches can also easily be avoided by modifying the low energy KK spectrum [34, 78].
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measurements at a e+e− collider may be more promising [82–85].
If the LOSP decay is displaced in the detector or is long-lived on collider time scales then
a great deal more information becomes accessible. The lifetime can be directly measured
[86–88] and if the LOSP is charged or colored, its mass is directly observable through timing
and ionization measurements [89–92]. Proposals have been made to study the kinematics of
production and in-flight decays [92–96] as well as decays of charged/colored LOSPs stopped in
the existing LHC detectors [86–88, 97–99] or a dedicated stopper-detector [100, 101]. Tracking
of particles from in-flight decays with large displacements or decays of LOSPs stopped in dense
regions of detector material may be challenging. However, measurements of the kinematic
features of in-flight and stopped decays have two primary advantages compared to techniques
for prompt decays: i) backgrounds are very small and require fewer cuts which affect the
kinematic distributions of the decay, ii) the rest frame and mass of the parent particle can
be determined independently from the decay. Combining sufficiently precise measurements
of the LOSP decay with mass and lifetime measurements could give strong evidence for the
nature of the bulk LSP, the number of bulk dimensions, and the scale M∗!
5 Varieties of bulk LSPs
We are interested in models where the MSSM particles are confined to a brane in a gravita-
tional bulk with d additional compact dimensions of size L TeV−1. At distances TeV−1,
the bulk and the MSSM brane are locally supersymmetric, with at least an N = 1 subset
of the bulk supersymmetries realized on the MSSM brane. While the MSSM brane must
be localized within the large compact dimensions, at distances . TeV−1 some or all of the
MSSM states may extend around additional small dimensions or cycles, and other branes of
various dimensions may also be present. This set-up is illustrated in Fig. 10(a), and allows the
realization of a variety of extra-dimensional SUSY breaking mechanisms, sequestered sectors,
and string embeddings of the MSSM structure.
The breaking of the supersymmetry remaining on the MSSM brane should be felt softly,
giving superpartner massesmsoft ∼ TeV. As depicted in Fig. 10(b), the MSSM SUSY breaking
can occur over any subspace of the bulk with dimension 4 + d′ (d′ ≤ d), leaving the SUSY
breaking localized in the d−d′ transverse large dimensions. The goldstino degrees of freedom
from this breaking will also propagate in 4+d′ dimensions. After considering the mixing with
the gravitino these degrees of freedom are lifted, but as we will show, for low SUSY breaking
scales or d′ < d − 2 they can generically remain lighter than the MSSM states, providing a
candidate for a bulk LSP. We discuss this case first, and then discuss other candidates for
bulk LSPs which naturally occur in sequestered sectors and are particularly relevant when
decays to the goldstino degrees of freedom become suppressed or kinematically inaccessible.
5.1 Goldstino Bulk LSP
Take the MSSM SUSY breaking to be parameterized by an F-term for a field localized on
a brane in a 4 + d′ subspace of the bulk, 〈F4+d′〉. In a theory without gravitational degrees
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Figure 10. (a) The general set-up we consider, with the MSSM brane embedded in a large bulk with
d compact dimensions of size L TeV−1. The MSSM brane may have structure at scales smaller than
a TeV−1, and possible additional extra dimensions of size . TeV−1 are not depicted. (b) The same
embedding, with the MSSM SUSY breaking shown explicitly to occur on a nearby brane extended in
a (4 + d′) dimensional subspace of the large bulk. (c) The same embedding of the MSSM, with SUSY
breaking extended throughout the entire large bulk. Additional states may live in the bulk or on
sequestered branes of lower codimension as shown, and are candidates for light bulk LSPs. Although
the SUSY breaking is present everywhere in the large bulk, it may be localized in further dimensions
of size . TeV−1 not shown.
of freedom, there is a massless goldstino propagating in 4 + d′ dimensions. First we study
directly the decays of MSSM particles to this degree of freedom, and then we will discuss the
effects of mixing the goldstino degree of freedom with the gravitino.
The couplings of the 3-brane localized MSSM states to the bulk goldstino η can be inferred
as usual from the soft masses, for example for couplings to a MSSM chiral multiplet (f, f˜),
Lsoft = m2ff †f δ(y)→∼
m2f
〈F4+d′〉f
†f˜η δ(y) + h.c. (5.1)
Note we use the canonical normalizations of a (4 + d′)-dimensional field for η and 〈F4+d′〉. In
comparison to our earlier results for a bulk modulino Eq. 2.4, the decay e˜R → e+ η has the
rate,
Γtot ≈ M
5+d′
8pi〈F4+d′〉2
Ωd′
(2pi)d′
∫ 1
0
xd
′−1(1− x2)2dx. (5.2)
The distribution of KK masses in these decays is slightly softer than decays to a bulk mod-
ulino, and the overall rate depends on a higher power of M . This decay has the usual 1/〈F 〉2
rate expected for decays to a goldstino in 4d models.
An important consequence is that if SUSY breaking is localized on a 3-brane like the
MSSM, then decays to the goldstino will not appear extra dimensional and will often dom-
inate over decays to any bulk LSPs present. For example, even if SUSY breaking is at the
fundamental scale, 〈F4〉 ∼ M2∗ , decays to the 4-dimensional goldstino are parametrically
enhanced by powers of MM∗ compared to decays to a modulino living in more than six dimen-
sions. Thus decays to a bulk state with large codimension only occur generically when SUSY
breaking is extended in the bulk.
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These results for the decays to a goldstino hold exactly in the limit that gravity decouples,
M∗ → ∞ with 〈F4+d′〉 held fixed. In the supergravity theory with finite M∗, the goldstino
degree of freedom will mix with the gravitino; if there is a single source of SUSY breaking,
the goldstino will be completely eaten by the gravitino, while if there is additional SUSY
breaking elsewhere in the bulk some combinations will be left as a pseudo-goldstinos with
perturbed mass spectra.
The diagonalization of the full gravitino bulk+brane equations of motion and determi-
nation of the masses and couplings of gravitino KK modes is beyond the scope of this work,
but fortunately the equivalent goldstino approximation provides good intuition, and further
we expect it to provide accurate results for many scenarios. We can understand when the
equivalent goldstino approximation remains valid by considering the locality of decays from
the MSSM brane. A 3-dimensional MSSM state of mass M will couple to gravitino states
localized to a distance ∆ ∼ 1/M within the full bulk. We can therefore expect qualitatively
correct results from considering only the light modes in the 4 + d′ dimensional theory after
compactifying the d − d′ bulk dimensions tranverse to the SUSY breaking brane to a size
∼ 1/M . If the 4+d′ dimensions are approximately flat, there is a 4+d′ dimensional gravitino
mass term related to the mixing with the goldstino,
m3/2, (4+d′) ∼
F4+d′√
M2+d∗ /Md−d
′
(5.3)
This mass sets the start of the gravitino KK tower in the 4d theory, and the equivalent
goldstino approximation holds when m3/2 M .
For a sufficiently small SUSY breaking scale 〈F4+d′〉 this can always be satisfied, but
a particularly interesting case is when the breaking is at the fundamental scale, 〈F4+d′〉 ∼
M
2+d′/2
∗ . This occurs for example when the MSSM SUSY is broken by the presence of a nearby
D-brane extended in 4 + d′ dimensions, with the U(1) gaugino on the D-brane realizing the
goldstino degree of freedom [12, 13, 102, 103]. Then we find
m3/2, (4+d′)
M
∼
(
M
M∗
) d−d′
2
−1
. (5.4)
For d′ < d − 2, the perturbation is vanishing as M∗ → ∞ with brane soft masses M fixed,
and we expect the goldstino equivalence theorem to hold. We therefore expect our results
for the decays to the goldstino degrees of freedom to be a good description of a wide class of
models where the goldstino is the bulk LSP. On the other hand for the cases d′ = d− 2 and
d′ = d− 1 the decays to all of the components of the gravitino become important unless the
SUSY breaking scale is parametrically below M∗; there may be interesting cases where such
a gravitino is the LSP but these cases are subtle and left for future work (the super-higgs
mechanism for the d′ = d − 1 case has been studied in 5d models in refs. [104, 105]). In
the case d′ = d, the lightest gravitino KK mode can be heavier than the MSSM LOSP even
for 〈F4+d′〉 well below the fundamental scale. We discuss this case in the following section,
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Figure 11. Embedding of 5d Scherk-Schwarz model in a 5+d dimensional theory as R3+1× (S1/Z2×
Z′2) ×Md. The MSSM states live on 3-branes or 4-branes completely localized within the d large
compact bulk dimensions. The boundary conditions on each end of the TeV−1-sized dimension par-
tially break the bulk supersymmetry, leading to a complete breaking of SUSY in the theory at scales
below TeV, with the breaking spread through the entire 4 + d dimensional large bulk as in Fig. 10(c)
and giving large ∼ TeV scale masses to the lightest gravitino KK modes. Additional states may live
extended in the large bulk but localized at either endpoint of the TeV−1-sized dimension; they will be
sequestered from the full SUSY breaking and can lead to a bulk LSP.
focusing on decays to the variety of other motivated light bulk LSPs which may still arise
even when the gravitino is heavy.
5.2 Heavy Gravitino
In models where SUSY breaking occurs throughout the entire large d-dimensional bulk, as
depicted in Fig. 10(c), the gravitino can obtain a large bulk mass lifting its lowest KK states
to masses & msoft if the bulk SUSY breaking is communicated to the MSSM fields via gravi-
tationally coupled operators and states, for instance via radion or dilaton mediation in addi-
tional R . TeV−1 sized extra dimensions. In such models, sequestered sectors with further
suppressed soft masses propagating in ≤ d large dimensions can naturally occur, providing
candidates for bulk LSPs.
As a simple example, we consider the class of models studies in refs. [5–7, 106–115], where
some of the MSSM states propagate in a ∼ TeV−1 sized 5th dimension given by a segment
S1/Z2 ×Z′2 which breaks SUSY by Scherk-Schwarz boundary conditions [116, 117]. If this is
embedded trivially in a large gravitational bulk as R3+1×(S1/Z2×Z′2)×Md, as illustrated in
Fig. 11, then the SUSY breaking boundary conditions on S1 give a d-dimensional mass ∼ TeV
to the gravitino uniformly in the large bulk and generates soft masses ∼ TeV for the MSSM
states. This can equivalently be described as radion mediation with FT,4+d ∼ TeV×M1+d/2∗
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[30, 118–121]. Additional states living on branes localized in the 5th dimension and extended
in the bulk dimensions obtain soft masses through the gravitational couplings only at loop
level [121], and can naturally arise as the bulk LSP. This scenario is illustrated in Figure 11.
The bulk LSP in this scenario can have a variety of forms. We have all ready discussed
in detail the coupling to a bulk modulus field, which may arise for example due to branes
wrapping additional M−1∗ sized dimensions or cycles. Other motivated possibilities for bulk
LSPs living on a sequestered brane include a U(1)′ gaugino, a bulk axino, or a bulk sneutrino.
5.2.1 Bulk Axino
If the strong CP problem is solved by the axion in a model with a low fundamental scale,
then the axion multiplet must propagate in some of the bulk dimensions. A simple possibility
for the form of the effective couplings of the axino to the chiral multiplets of the MSSM is
Laxino = δ(y) cf1
f
(d′+2)/2
∗
a˜f f˜ † + δ(y)
cf2
f
(d′+2)/2
∗
a˜f f˜ c + h.c. (5.5)
where cf1 ∼ (10−3 − 10−4)Mg˜ is radiatively generated from the anomaly couplings [122] and
cf2 ∼ mf is generated if the Higges are charged under the PQ symmetry (DFSZ axion)
[123, 124]. More general forms of the axion supermultiplet couplings to the visible-sector
fields [124, 125] lead to qualitatively similar results. The two-body decays mediated by the
interactions of Eq.(5.5) dominate over 3-body decays through off-shell gauginos [122] and can
easily dominate over rates into gravitationally coupled states if scales are chosen to give a
(3+1)-dimensional axion scale fa . 1016 GeV.
5.2.2 Bulk U(1)′ gaugino
Another interesting candidate for a bulk LSP is the gaugino of a bulk U(1)′ coupling to
the MSSM fields through the B − L current or kinetic mixings [126, 127]. In terms of a
dimensionless gauge coupling, g˜, the couplings to the chiral brane fields are of the form,
Lgaugino = δ(y) g˜
M
d′/2
∗
λ˜f f˜ † + h.c. (5.6)
Note that this coupling is of lower dimension than the decays to gravitational states or an
axino, and naturally can dominate over other channels if present. The U(1)′ can be broken
supersymmetrically on the 3-brane or elsewhere in the bulk to evade constraints on the gauge
bosons. Limits on the scale M∗ from direct single production of bulk KK gauge bosons will
be enhanced compared to the KK graviton limits, while limits from contact operators will
not be substantially changed.
5.2.3 Bulk sneutrino
A final well-motivated bulk LSP candidate is a sneutrino superpartner of one of the sterile
neutrinos that can exist in the extra-dimensional bulk. Such bulk sterile neutrinos can explain
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Figure 12. Differential distribution of KK masses for the decay e˜R → e + X˜ for differing candidate
bulk LSPs, X˜, X˜ = η, a bulk goldstino (leftmost, blue curve), or, X˜ = ψ, a bulk modulino (rightmost,
red curve). A bulk U(1)′ gaugino or axino has the same distribution as the goldstino. For both cases
we fix d = 6. This illustrates that auto-concealment is slightly more effective for the modulino coupling
than other bulk LSPs.
the observed neutrino masses and mixings by way of a volume-enhanced effective (3+1)-
dimensional Majorana mass leading to a see-saw like formula [128]. The details of the brane-
bulk couplings, and particularly their flavour structure, are potentially interesting in the
regime discussed in Section 4 probing extra dimensions, as they may give additional clues to
the structure of the underlying neutrino model.
5.3 Summary
We have discussed a variety of motivated possibilities for decays to a bulk LSP: a goldstino
of SUSY breaking extended in the bulk, a modulino, a U(1)′ gaugino, and an axino. We have
focused on the case of the decays of a massless sfermion, but we can more generally consider
the decay of any MSSM LOSP to a bulk LSP.
From an observational point of view, these various possibilities for bulk LSPs can be
simply summarized. The general form for the differential distribution of KK masses in the
decay of a brane-localized LOSP to a bulk LSP and a massless SM particle is a sum of terms
of the form
dΓ
dx
∼ xd−1+α(1− x2)β(1 + x2)δ; x ≡ mn/M, (5.7)
where the (1 − x2)β factor captures the 3D phase space dependence, and the xd−1+α factor
includes the bulk phase space factor. The remaining freedom in α, β, δ comes from the matrix
element for a given process. Typically a single term of the form Eq.(5.7) dominates the
distribution; qualitatively, α and β are the most important for determining the shape of the
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Figure 13. Strongest upper bound on degenerate µ˜R, e˜R pair production cross sections from ATLAS
l+l− + EmissT mT2 [44] and razor analyses [48]. A monojet search was also considered [49] but sets
weaker limits. The top two curves corresponds to sleptons promptly decaying to the KK tower of a
modulino (ψ, green) or goldstino (η, orange), in d = 6 extra dimensions. The mT2 analysis is the
more effective of the two searches except below 170 and 150 GeV for decays to bulk modulinos and
goldstino respectively. Solid red (lowest) curve gives the observed ATLAS upper bound on the RH
slepton production cross section from [44] for decays to a massless LSP. For validation, the dashed
red curve gives the same bound using our simulation. Black curve gives the predicted NLO direct
production cross section [55] illustrating that RH sleptons are excluded up to ∼ 225 GeV for a single
massless LSP. For the searches considered both the modulino and goldstino eliminate present limits
on direct RH slepton production.
ψ η/a˜ λ˜′
(α, β, δ) (α, β, δ) (α, β, δ)
f˜L/R → f + X˜ (2, 2, 0) (0, 2, 0) (0, 2, 0)
H˜ → h/Z + X˜ (0, 2, 1) (0, 2, 1) (0, 2, 1)
λ˜→ V/g + X˜ (0, 3, 0) (0, 3, 0) –
Table 1. Possibilities for the kinematic distribution, Eq.(5.7), in the decays of sfermion (f˜), higgsino-
like (H˜), and wino/bino/gluino-like LOSPs (λ˜) to variety of bulk LSPs X˜: a modulino ψ, Eqs.(2.2-2.4),
a goldstino η, Eqs.(5.1-5.2), an axino a˜, Eq.(5.5), a U(1)′ gaugino λ˜′, Eq.(5.6). These distributions
hold in the massless limit for the SM particle in the decay, (M −mn) mh,mV ,mt.
distribution because of their zeros – a large α and a small β corresponds to a distribution
of decays peaked at the largest kinematically allowed KK masses. Table 1 surveys the forms
of the distribution for a variety of combinations of brane LOSP and bulk LSP candidates
decaying to an effectively massless SM state. The decays to a goldstino, axino, and U(1)′
gaugino have similar matrix elements and all follow the same kinematic form. They do not
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share the helicity suppression of decays to lighter KK modes found for the modulino-like
coupling Eq. 2.2, leading to distributions slightly softer than decays to a modulino.
Figure 12 compares the distributions of KK masses for the decays of a RH slepton (µ˜R, e˜R)
to a goldstino or modulino LSP, and Figure 13 compares the corresponding effects on exper-
imental limits in slepton searches.
6 Conclusions
We have presented a mechanism—auto-concealment in extra dimensions—which significantly
weakens present search limits for some SUSY models. Auto-concealment applies to theories
wherein the LOSP is a brane localized state while the LSP is a bulk state, producing a
dense KK tower of LSP excitations with increasing mass, mn, that automatically brackets
the LOSP mass without further tuning. The increased density of states at higher mass due
to the bulk phase space factor ∼ md−1n favours LOSP decays to the heaviest KK states,
dynamically generating a quasi-compressed spectra, as discussed in Section 2.2 and shown in
Figures 1 and 3. If the scale M∗ is such that decays from the LOSP to the LSP are prompt,
typical handles used in SUSY searches such as visible energy and EmissT are then dynamically
suppressed as we discussed in Section 3. This reduces both EmissT and visible energy in SUSY
events (unlike R-parity violation for example, which increases visible energy).
Auto-concealment can occur for a variety of visible-sector LOSP candidates. In particular,
we find that LHC limits on right-handed slepton LOSPs evaporate in the case of prompt
decays to a bulk modulino (see Figure 5), while the LHC limits on stop LOSPs weakens to
∼ 350÷ 410 GeV (see Figure 6). Present LHC limits on direct production of degenerate first
and second generation squarks similarly drop to ∼ 450 GeV (see Figure 7).
As discussed in Section 3 the mechanism is effective for a variety of visible-sector super-
partner spectra, but not for all kinds. In particular, auto-concealment does not significantly
weaken limits driven by deep cascade decays to the LOSP. In addition, the mechanism is
most effective when the bulk LSP propagates in > 2 large extra dimensions. As discussed in
detail in Section 5, decays to motivated bulk states like axinos, U(1)′ gauginos, and modulinos
propagating in many extra dimensions can be dominant when SUSY breaking also extends in
some of the large bulk directions, and the goldstino itself can also be an attractive bulk LSP
candidate. Thus we find that a wide variety of visible-sector SUSY spectra, LOSP candidates,
and relevant bulk sparticle states lead to efficient auto-concealment. The auto-concealment
mechanism also applies to more than just SUSY theories, broadly speaking to any theory
wherein a discrete quantum number is shared between brane and bulk states and where the
analog of the LSP is a bulk state.
Though discovery becomes more difficult for SUSY spectra without common deep cascade
decays to the LOSP, it is not impossible. For the examples of stops and squarks of the first
two generations we found searches designed to pick out compressed spectra [37] and monojets
[49] remain effective, albeit at lower masses than traditional searches. For the case of sleptons,
searches modified to keep lower-energy leptons in the signal region [64–68] could be useful.
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If superpartners are eventually discovered then observations of LOSP decays may prove
to be a powerful window into extra dimensions. This is especially true if the scale M∗ is large
enough to lead to LOSP tracks in the detector, displaced vertices, or stopped out-of-time
decays. As we discussed in Section 4 searches for such signals could probe the underlying
gravitational mass scale up to M∗ <∼ 109 GeV!
Finally, we caution the reader that although we expect the limits obtained from validated
CheckMATE analyses to provide a good estimate of the best current limits from the LHC
experiments, there may be increased uncertainty because these searches are particularly sen-
sitive to the tails of kinematic distributions and some of the most recent analysis updates are
not presently available. We hope that this work motivates further study of these signals by
the experimental collaborations.
Acknowledgments
We thank Asimina Arvanitaki, Masha Baryakhtar, Mireia Crispin-Ortuzar, Alexandru Dafinca,
Claire Gwenlan, Junwu Huang, William Kalderon, William Fawcett, Juan Rojo, and Giovanni
Villadoro for useful discussions, and especially Alan Barr for very helpful discussions on ex-
perimental considerations. We thank Jonathan Patterson for setting us up on the Oxford
Theory Computing Cluster. We also wish to thank the CERN Theory Group for hospitality
during portions of this work. This work was partially supported by ERC grant BSMOX-
FORD no. 228169 and by NSF grant PHY-1316706. JMR is grateful to support from the
STFC (UK). KH is supported by an NSF Graduate Research Fellowship under Grant num-
ber DGE-0645962 and by the US DoE under contract DE-AC02-76SF00515. JS gratefully
acknowledges support from the United States Air Force Institute of Technology. The views
expressed in this letter are those of the author and do not reflect the official policy or position
of the United States Air Force, Department of Defense, or the US Government.
References
[1] A. Arvanitaki, M. Baryakhtar, X. Huang, K. van Tilburg, and G. Villadoro, The Last Vestiges
of Naturalness, JHEP 1403 (2014) 022, [arXiv:1309.3568].
[2] T. Gherghetta, B. von Harling, A. D. Medina, and M. A. Schmidt, The Scale-Invariant
NMSSM and the 126 GeV Higgs Boson, JHEP 02 (2013) 032, [arXiv:1212.5243].
[3] E. Hardy, Is Natural SUSY Natural?, JHEP 1310 (2013) 133, [arXiv:1306.1534].
[4] J. L. Feng, Naturalness and the Status of Supersymmetry, Ann.Rev.Nucl.Part.Sci. 63 (2013)
351–382, [arXiv:1302.6587].
[5] S. Dimopoulos, K. Howe, and J. March-Russell, Maximally Natural Supersymmetry,
arXiv:1404.7554.
[6] I. G. Garcia and J. March-Russell, Rare Flavor Processes in Maximally Natural
Supersymmetry, arXiv:1409.5669.
[7] S. Dimopoulos, K. Howe, and J. March-Russell, Structure of Maximally Natural
Supersymmetry, . In preparation.
– 22 –
[8] D. Atwood, C. Burgess, E. Filotas, F. Leblond, D. London, et al., Supersymmetric large extra
dimensions are small and/or numerous, Phys.Rev. D63 (2001) 025007, [hep-ph/0007178].
[9] C. Burgess, J. Matias, and F. Quevedo, MSLED: A Minimal supersymmetric large extra
dimensions scenario, Nucl.Phys. B706 (2005) 71–99, [hep-ph/0404135].
[10] J. Matias and C. Burgess, MSLED, neutrino oscillations and the cosmological constant, JHEP
0509 (2005) 052, [hep-ph/0508156].
[11] M. Cicoli, C. Burgess, and F. Quevedo, Anisotropic Modulus Stabilisation: Strings at LHC
Scales with Micron-sized Extra Dimensions, JHEP 1110 (2011) 119, [arXiv:1105.2107].
[12] I. Antoniadis, K. Benakli, and A. Laugier, D-brane models with nonlinear supersymmetry,
Nucl.Phys. B631 (2002) 3–42, [hep-th/0111209].
[13] E. Dudas and J. Mourad, Consistent gravitino couplings in nonsupersymmetric strings,
Phys.Lett. B514 (2001) 173–182, [hep-th/0012071].
[14] M. Klein, Couplings in pseudosupersymmetry, Phys.Rev. D66 (2002) 055009,
[hep-th/0205300].
[15] I. Antoniadis and M. Tuckmantel, Nonlinear supersymmetry and intersecting D-branes,
Nucl.Phys. B697 (2004) 3–47, [hep-th/0406010].
[16] D. S. M. Alves, J. Liu, and N. Weiner, Hiding Missing Energy in Missing Energy,
arXiv:1312.4965.
[17] E. Izaguirre, M. Manhart, and J. G. Wacker, Bigger, Better, Faster, More at the LHC, JHEP
1012 (2010) 030, [arXiv:1003.3886].
[18] T. J. LeCompte and S. P. Martin, Compressed supersymmetry after 1/fb at the Large Hadron
Collider, Phys.Rev. D85 (2012) 035023, [arXiv:1111.6897].
[19] T. J. LeCompte and S. P. Martin, Large Hadron Collider reach for supersymmetric models with
compressed mass spectra, Phys.Rev. D84 (2011) 015004, [arXiv:1105.4304].
[20] H. K. Dreiner, M. Kramer, and J. Tattersall, How low can SUSY go? Matching, monojets and
compressed spectra, Europhys.Lett. 99 (2012) 61001, [arXiv:1207.1613].
[21] B. Bhattacherjee and K. Ghosh, Degenerate SUSY search at the 8 TeV LHC,
arXiv:1207.6289.
[22] M. Drees, M. Hanussek, and J. S. Kim, Light Stop Searches at the LHC with Monojet Events,
Phys.Rev. D86 (2012) 035024, [arXiv:1201.5714].
[23] G. Belanger, M. Heikinheimo, and V. Sanz, Model-Independent Bounds on Squarks from
Monophoton Searches, JHEP 1208 (2012) 151, [arXiv:1205.1463].
[24] B. Bhattacherjee, A. Choudhury, K. Ghosh, and S. Poddar, Compressed supersymmetry at 14
TeV LHC, Phys.Rev. D89 (2014), no. 3 037702, [arXiv:1308.1526].
[25] K. R. Dienes, S. Su, and B. Thomas, Distinguishing Dynamical Dark Matter at the LHC,
Phys.Rev. D86 (2012) 054008, [arXiv:1204.4183].
[26] K. R. Dienes, S. Su, and B. Thomas, Strategies for Probing Non-Minimal Dark Sectors at
Colliders: The Interplay Between Cuts and Kinematic Distributions, arXiv:1407.2606.
– 23 –
[27] E. A. Mirabelli and M. E. Peskin, Transmission of supersymmetry breaking from a
four-dimensional boundary, Phys.Rev. D58 (1998) 065002, [hep-th/9712214].
[28] R. Sundrum, Effective field theory for a three-brane universe, Phys.Rev. D59 (1999) 085009,
[hep-ph/9805471].
[29] N. Arkani-Hamed, T. Gregoire, and J. G. Wacker, Higher dimensional supersymmetry in 4-D
superspace, JHEP 0203 (2002) 055, [hep-th/0101233].
[30] D. Marti and A. Pomarol, Supersymmetric theories with compact extra dimensions in N=1
superfields, Phys.Rev. D64 (2001) 105025, [hep-th/0106256].
[31] A. Hebecker, 5-D superYang-Mills theory in 4-D superspace, superfield brane operators, and
applications to orbifold GUTs, Nucl.Phys. B632 (2002) 101–113, [hep-ph/0112230].
[32] I. Linch, William Divine, M. A. Luty, and J. Phillips, Five-dimensional supergravity in N=1
superspace, Phys.Rev. D68 (2003) 025008, [hep-th/0209060].
[33] J. L. Hewett and D. Sadri, Supersymmetric extra dimensions: Gravitino effects in selectron
pair production, Phys.Rev. D69 (2004) 015001, [hep-ph/0204063].
[34] N. Kaloper, J. March-Russell, G. D. Starkman, and M. Trodden, Compact hyperbolic extra
dimensions: Branes, Kaluza-Klein modes and cosmology, Phys.Rev.Lett. 85 (2000) 928–931,
[hep-ph/0002001].
[35] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer, MadGraph 5 : Going Beyond,
JHEP 1106 (2011) 128, [arXiv:1106.0522].
[36] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605
(2006) 026, [hep-ph/0603175].
[37] ATLAS Collaboration, G. Aad et al., Search for direct top-squark pair production in final
states with two leptons in pp collisions at
√
s = 8TeV with the ATLAS detector, JHEP 1406
(2014) 124, [arXiv:1403.4853].
[38] M. Drees, H. Dreiner, D. Schmeier, J. Tattersall, and J. S. Kim, CheckMATE: Confronting
your Favourite New Physics Model with LHC Data, arXiv:1312.2591.
[39] DELPHES 3 Collaboration, J. de Favereau et al., DELPHES 3, A modular framework for
fast simulation of a generic collider experiment, JHEP 1402 (2014) 057, [arXiv:1307.6346].
[40] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder, Phys.Lett. B641
(2006) 57–61, [hep-ph/0512210].
[41] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User Manual, Eur.Phys.J. C72 (2012) 1896,
[arXiv:1111.6097].
[42] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-k(t) jet clustering algorithm, JHEP 0804
(2008) 063, [arXiv:0802.1189].
[43] A. L. Read, Presentation of search results: The CL(s) technique, J.Phys. G28 (2002)
2693–2704.
[44] ATLAS Collaboration, Search for direct-slepton and direct-chargino production in final states
with two opposite-sign leptons, missing transverse momentum and no jets in 20/fb of pp
collisions at sqrt(s) = 8 TeV with the ATLAS detector, Tech. Rep. ATLAS-CONF-2013-049,
ATLAS-COM-CONF-2013-050, CERN, Geneva, May, 2013.
– 24 –
[45] C. Lester and D. Summers, Measuring masses of semiinvisibly decaying particles pair produced
at hadron colliders, Phys.Lett. B463 (1999) 99–103, [hep-ph/9906349].
[46] A. Barr, C. Lester, and P. Stephens, m(T2): The Truth behind the glamour, J.Phys. G29
(2003) 2343–2363, [hep-ph/0304226].
[47] H.-C. Cheng and Z. Han, Minimal Kinematic Constraints and m(T2), JHEP 0812 (2008) 063,
[arXiv:0810.5178].
[48] ATLAS Collaboration, Search for strongly produced supersymmetric particles in decays with
two leptons at
√
s = 8 TeV, Tech. Rep. ATLAS-CONF-2013-089,
ATLAS-COM-CONF-2013-109, CERN, Geneva, August, 2013.
[49] ATLAS Collaboration, Search for New Phenomena in Monojet plus Missing Transverse
Momentum Final States using 10fb-1 of pp Collisions at sqrts=8 TeV with the ATLAS detector
at the LHC, Tech. Rep. ATLAS-CONF-2012-147, ATLAS-COM-CONF-2012-190, CERN,
Geneva, May, 2012.
[50] LEPSUSYWG,ALEPH,DELPHI,L3, and OPAL experiments Collaboration, Combined
LEP Selectron/Smuon/Stau Results, 183-208 GeV, Tech. Rep. LEPSUSYWG/04-01.1, CERN,
Geneva, June, 2004.
[51] ALEPH Collaboration, A. Heister et al., Search for scalar leptons in e+ e- collisions at
center-of-mass energies up to 209-GeV, Phys.Lett. B526 (2002) 206–220, [hep-ex/0112011].
[52] L3 Collaboration, P. Achard et al., Search for scalar leptons and scalar quarks at LEP,
Phys.Lett. B580 (2004) 37–49, [hep-ex/0310007].
[53] OPAL Collaboration, G. Abbiendi et al., Search for anomalous production of dilepton events
with missing transverse momentum in e+ e- collisions at s**(1/2) = 183-Gev to 209-GeV,
Eur.Phys.J. C32 (2004) 453–473, [hep-ex/0309014].
[54] DELPHI Collaboration, J. Abdallah et al., Searches for supersymmetric particles in e+ e-
collisions up to 208-GeV and interpretation of the results within the MSSM, Eur.Phys.J. C31
(2003) 421–479, [hep-ex/0311019].
[55] W. Beenakker, M. Klasen, M. Kramer, T. Plehn, M. Spira, et al., The Production of charginos
/ neutralinos and sleptons at hadron colliders, Phys.Rev.Lett. 83 (1999) 3780–3783,
[hep-ph/9906298].
[56] ATLAS Collaboration, Search for direct production of the top squark in the all-hadronic ttbar
+ etmiss final state in 21 fb-1 of p-pcollisions at sqrt(s)=8 TeV with the ATLAS detector, Tech.
Rep. ATLAS-CONF-2013-024, ATLAS-COM-CONF-2013-011, CERN, Geneva, March, 2013.
[57] CMS Collaboration, Exclusion limits on gluino and top-squark pair production in natural
SUSY scenarios with inclusive razor and exclusive single-lepton searches at 8 TeV., Tech. Rep.
CMS-PAS-SUS-14-011, CERN, Geneva, 2014.
[58] ATLAS Collaboration, G. Aad et al., Search for top squark pair production in final states with
one isolated lepton, jets, and missing transverse momentum in
√
s = 8 TeV pp collisions with
the ATLAS detector, arXiv:1407.0583.
[59] ATLAS Collaboration, G. Aad et al., Search for direct pair production of the top squark in
all-hadronic final states in proton-proton collisions at
√
s = 8 TeV with the ATLAS detector,
JHEP 1409 (2014) 015, [arXiv:1406.1122].
– 25 –
[60] ATLAS Collaboration, G. Aad et al., Search for pair-produced third-generation squarks
decaying via charm quarks or in compressed supersymmetric scenarios in pp collisions at√
s = 8 TeV with the ATLAS detector, Phys.Rev. D90 (2014) 052008, [arXiv:1407.0608].
[61] “LHC SUSY Cross Section Working Group.”
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections.
[62] M. Kramer, A. Kulesza, R. van der Leeuw, M. Mangano, S. Padhi, et al., Supersymmetry
production cross sections in pp collisions at
√
s = 7 TeV, arXiv:1206.2892.
[63] ATLAS Collaboration, Search for squarks and gluinos with the ATLAS detector in final states
with jets and missing transverse momentum and 20.3 fb−1 of
√
s = 8 TeV proton-proton
collision data, Tech. Rep. ATLAS-CONF-2013-047, ATLAS-COM-CONF-2013-049, CERN,
Geneva, May, 2013.
[64] M. R. Buckley, J. D. Lykken, C. Rogan, and M. Spiropulu, Super-Razor and Searches for
Sleptons and Charginos at the LHC, Phys.Rev. D89 (2014) 055020, [arXiv:1310.4827].
[65] K. Rolbiecki and K. Sakurai, Constraining compressed supersymmetry using leptonic
signatures, JHEP 1210 (2012) 071, [arXiv:1206.6767].
[66] G. F. Giudice, T. Han, K. Wang, and L.-T. Wang, Nearly Degenerate Gauginos and Dark
Matter at the LHC, Phys.Rev. D81 (2010) 115011, [arXiv:1004.4902].
[67] P. Schwaller and J. Zurita, Compressed electroweakino spectra at the LHC, JHEP 1403 (2014)
060, [arXiv:1312.7350].
[68] H. Baer, A. Mustafayev, and X. Tata, Monojet plus soft dilepton signal from light higgsino pair
production at LHC14, arXiv:1409.7058.
[69] ATLAS Collaboration, G. Aad et al., Search for contact interactions and large extra
dimensions in the dilepton channel using proton-proton collisions at
√
s = 8 TeV with the
ATLAS detector, arXiv:1407.2410.
[70] ATLAS Collaboration, G. Aad et al., Search for dark matter candidates and large extra
dimensions in events with a jet and missing transverse momentum with the ATLAS detector,
JHEP 1304 (2013) 075, [arXiv:1210.4491].
[71] S. Baek, S. C. Park, and J.-h. Song, Kaluza-Klein gravitino production with a single photon at
e+ e- colliders, Phys.Rev. D66 (2002) 056004, [hep-ph/0206008].
[72] G. F. Giudice, R. Rattazzi, and J. D. Wells, Quantum gravity and extra dimensions at
high-energy colliders, Nucl.Phys. B544 (1999) 3–38, [hep-ph/9811291].
[73] J. L. Hewett, Indirect collider signals for extra dimensions, Phys.Rev.Lett. 82 (1999)
4765–4768, [hep-ph/9811356].
[74] E. A. Mirabelli, M. Perelstein, and M. E. Peskin, Collider signatures of new large space
dimensions, Phys.Rev.Lett. 82 (1999) 2236–2239, [hep-ph/9811337].
[75] T. Han, J. D. Lykken, and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions,
Phys.Rev. D59 (1999) 105006, [hep-ph/9811350].
[76] R. Contino, L. Pilo, R. Rattazzi, and A. Strumia, Graviton loops and brane observables, JHEP
0106 (2001) 005, [hep-ph/0103104].
– 26 –
[77] G. F. Giudice and A. Strumia, Constraints on extra dimensional theories from virtual graviton
exchange, Nucl.Phys. B663 (2003) 377–393, [hep-ph/0301232].
[78] G. F. Giudice, T. Plehn, and A. Strumia, Graviton collider effects in one and more large extra
dimensions, Nucl.Phys. B706 (2005) 455–483, [hep-ph/0408320].
[79] R. Diener and C. Burgess, Bulk Stabilization, the Extra-Dimensional Higgs Portal and Missing
Energy in Higgs Events, JHEP 1305 (2013) 078, [arXiv:1302.6486].
[80] S. Hannestad and G. G. Raffelt, Supernova and neutron star limits on large extra dimensions
reexamined, Phys.Rev. D67 (2003) 125008, [hep-ph/0304029].
[81] A. J. Barr and C. G. Lester, A Review of the Mass Measurement Techniques proposed for the
Large Hadron Collider, J.Phys. G37 (2010) 123001, [arXiv:1004.2732].
[82] G. Moortgat-Pick, LHC/ILC Interplay in SUSY Searches, J.Phys.Conf.Ser. 110 (2008)
072027, [arXiv:0801.2414].
[83] ILC Collaboration, G. Aarons et al., International Linear Collider Reference Design Report
Volume 2: Physics at the ILC, arXiv:0709.1893.
[84] H.-U. Martyn, Detection of sleptons at a linear collider in models with small slepton-neutralino
mass differences, hep-ph/0408226.
[85] H.-U. Martyn, Study of sleptons at a linear collider - supersymmetry scenario SPS 1a,
hep-ph/0406123.
[86] S. Asai, K. Hamaguchi, and S. Shirai, Measuring lifetimes of long-lived charged massive
particles stopped in LHC detectors, Phys.Rev.Lett. 103 (2009) 141803, [arXiv:0902.3754].
[87] J. Pinfold and L. Sibley, Measuring the Lifetime of Trapped Sleptons Using the General
Purpose LHC Detectors, Phys.Rev. D83 (2011) 035021, [arXiv:1006.3293].
[88] T. Ito, K. Nakaji, and S. Shirai, Identifying the Origin of Longevity of Metastable Stau at the
LHC, Phys.Lett. B706 (2012) 314–319, [arXiv:1104.2101].
[89] I. Hinchliffe and F. Paige, Measurements in gauge mediated SUSY breaking models at CERN
LHC, Phys.Rev. D60 (1999) 095002, [hep-ph/9812233].
[90] W. Kilian, T. Plehn, P. Richardson, and E. Schmidt, Split supersymmetry at colliders,
Eur.Phys.J. C39 (2005) 229–243, [hep-ph/0408088].
[91] B. Allanach, C. Harris, M. A. Parker, P. Richardson, and B. Webber, Detecting exotic heavy
leptons at the large hadron collider, JHEP 0108 (2001) 051, [hep-ph/0108097].
[92] A. Rajaraman and B. T. Smith, Determining Spins of Metastable Sleptons at the Large Hadron
Collider, Phys.Rev. D76 (2007) 115004, [arXiv:0708.3100].
[93] R. Kitano, Study of chargino-neutralino production at hadron colliders in a long-lived slepton
scenario, JHEP 0811 (2008) 045, [arXiv:0806.1057].
[94] J. L. Feng, S. T. French, C. G. Lester, Y. Nir, and Y. Shadmi, The Shifted Peak: Resolving
Nearly Degenerate Particles at the LHC, Phys.Rev. D80 (2009) 114004, [arXiv:0906.4215].
[95] M. A. Luty and D. J. Phalen, Higgsstrahlung from R-hadrons, JHEP 1111 (2011) 019,
[arXiv:1105.1166].
– 27 –
[96] S. Chang, C. Kilic, and T. Okui, Measuring Top Squark Interactions With The Standard Model
Through Associated Production, Phys.Rev. D84 (2011) 035015, [arXiv:1105.1332].
[97] W. Buchmuller, K. Hamaguchi, M. Ratz, and T. Yanagida, Gravitino and goldstino at colliders,
hep-ph/0403203.
[98] W. Buchmuller, K. Hamaguchi, M. Ratz, and T. Yanagida, Supergravity at colliders, Phys.Lett.
B588 (2004) 90–98, [hep-ph/0402179].
[99] P. W. Graham, K. Howe, S. Rajendran, and D. Stolarski, New Measurements with Stopped
Particles at the LHC, Phys.Rev. D86 (2012) 034020, [arXiv:1111.4176].
[100] K. Hamaguchi, Y. Kuno, T. Nakaya, and M. M. Nojiri, A Study of late decaying charged
particles at future colliders, Phys.Rev. D70 (2004) 115007, [hep-ph/0409248].
[101] J. L. Feng and B. T. Smith, Slepton trapping at the large hadron and international linear
colliders, Phys.Rev. D71 (2005) 015004, [hep-ph/0409278].
[102] J. Bagger and A. Galperin, A New Goldstone multiplet for partially broken supersymmetry,
Phys.Rev. D55 (1997) 1091–1098, [hep-th/9608177].
[103] G. Pradisi and F. Riccioni, Geometric couplings and brane supersymmetry breaking, Nucl.Phys.
B615 (2001) 33–60, [hep-th/0107090].
[104] J. A. Bagger and D. V. Belyaev, Brane-localized Goldstone fermions in bulk supergravity,
Phys.Rev. D72 (2005) 065007, [hep-th/0406126].
[105] K. Benakli and C. Moura, Brane-Worlds Pseudo-Goldstinos, Nucl.Phys. B791 (2008) 125–163,
[arXiv:0706.3127].
[106] I. Antoniadis, S. Dimopoulos, A. Pomarol, and M. Quiros, Soft masses in theories with
supersymmetry breaking by TeV compactification, Nucl.Phys. B544 (1999) 503–519,
[hep-ph/9810410].
[107] A. Delgado, A. Pomarol, and M. Quiros, Supersymmetry and electroweak breaking from extra
dimensions at the TeV scale, Phys.Rev. D60 (1999) 095008, [hep-ph/9812489].
[108] A. Pomarol and M. Quiros, The Standard model from extra dimensions, Phys.Lett. B438
(1998) 255–260, [hep-ph/9806263].
[109] R. Barbieri, G. Marandella, and M. Papucci, The Higgs mass as a function of the
compactification scale, Nucl.Phys. B668 (2003) 273–292, [hep-ph/0305044].
[110] R. Barbieri, L. J. Hall, G. Marandella, Y. Nomura, T. Okui, et al., Radiative electroweak
symmetry breaking from a quasilocalized top quark, Nucl.Phys. B663 (2003) 141–162,
[hep-ph/0208153].
[111] R. Barbieri, G. Marandella, and M. Papucci, Breaking the electroweak symmetry and
supersymmetry by a compact extra dimension, Phys.Rev. D66 (2002) 095003,
[hep-ph/0205280].
[112] R. Barbieri, L. J. Hall, and Y. Nomura, A Constrained standard model from a compact extra
dimension, Phys.Rev. D63 (2001) 105007, [hep-ph/0011311].
[113] D. Marti and A. Pomarol, Fayet-Iliopoulos terms in 5-d theories and their phenomenological
implications, Phys.Rev. D66 (2002) 125005, [hep-ph/0205034].
– 28 –
[114] D. Diego, G. von Gersdorff, and M. Quiros, Supersymmetry and electroweak breaking in the
interval, JHEP 0511 (2005) 008, [hep-ph/0505244].
[115] D. Diego, G. von Gersdorff, and M. Quiros, The MSSM from Scherk-Schwarz supersymmetry
breaking, Phys.Rev. D74 (2006) 055004, [hep-ph/0605024].
[116] J. Scherk and J. H. Schwarz, Spontaneous Breaking of Supersymmetry Through Dimensional
Reduction, Phys.Lett. B82 (1979) 60.
[117] J. Scherk and J. H. Schwarz, How to Get Masses from Extra Dimensions, Nucl.Phys. B153
(1979) 61–88.
[118] S. Ferrara, C. Kounnas, M. Porrati, and F. Zwirner, Superstrings with Spontaneously Broken
Supersymmetry and their Effective Theories, Nucl.Phys. B318 (1989) 75.
[119] M. Porrati and F. Zwirner, Supersymmetry Breaking in String Derived Supergravities,
Nucl.Phys. B326 (1989) 162.
[120] D. E. Kaplan and N. Weiner, Radion mediated supersymmetry breaking as a Scherk-Schwarz
theory, hep-ph/0108001.
[121] T. Gherghetta and A. Riotto, Gravity mediated supersymmetry breaking in the brane world,
Nucl.Phys. B623 (2002) 97–125, [hep-th/0110022].
[122] L. Covi, L. Roszkowski, and M. Small, Effects of squark processes on the axino CDM
abundance, JHEP 0207 (2002) 023, [hep-ph/0206119].
[123] K. J. Bae, E. J. Chun, and S. H. Im, Cosmology of the DFSZ axino, JCAP 1203 (2012) 013,
[arXiv:1111.5962].
[124] M. Baryakhtar, E. Hardy, and J. March-Russell, Axion Mediation, JHEP 1307 (2013) 096,
[arXiv:1301.0829].
[125] K. J. Bae, K. Choi, and S. H. Im, Effective Interactions of Axion Supermultiplet and Thermal
Production of Axino Dark Matter, JHEP 1108 (2011) 065, [arXiv:1106.2452].
[126] S. Abel and B. Schofield, Brane anti-brane kinetic mixing, millicharged particles and SUSY
breaking, Nucl.Phys. B685 (2004) 150–170, [hep-th/0311051].
[127] S. Abel, M. Goodsell, J. Jaeckel, V. Khoze, and A. Ringwald, Kinetic Mixing of the Photon
with Hidden U(1)s in String Phenomenology, JHEP 0807 (2008) 124, [arXiv:0803.1449].
[128] N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and J. March-Russell, Neutrino masses from large
extra dimensions, Phys.Rev. D65 (2002) 024032, [hep-ph/9811448].
– 29 –
